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. Introduction

The global distribution of atmospheric trace gases has important consequences for air quality
and human health as well as climate and radiation. The wealth of ground-based, aircraft, and
satellite data for the first decade of the 21°' century provides valuable constraints on the
temporal and geographic distribution of trace gases. Inter-annual variability in trace gas
concentrations is driven by year-to-year changes in meteorology as well as natural and
anthropogenic emissions.

This project seeks to simulate the global distribution and temporal variability of atmospheric
trace gases in recent years using a consistent set of meteorology and emissions. We describe
several milestones achieved in developing consistent trace gas distributions. These include the
development and testing of trace gas emissions, an examination of the impact of horizontal
resolution, and model validation against observations. We also describe preliminary results of
the replay simulation.

Trace gases including CO, ozone, NO,, hydrocarbons, and halocarbons are simulated using the
GEOS-CCMv3. The GEOS-CCMv3 includes GMI stratospheric (Strahan et al.,, 2007) and
tropospheric chemistry (Duncan et al., 2007a) within GEOSS5 (Rienecker et al., 2008). Either the
MERRA meteorological analysis for specific years or the free-running GCM can drive the online
tracer transport in the model.

. Emissions specification

Emissions of CO and other ozone precursors vary from year to year due to changes in
anthropogenic activities and interannual variability in natural emissions and biomass burning.
Our simulation includes year-specific emissions of CO, NO,, and NMHCs to account for the
impact of emission variability on the variability of trace gas concentrations. Long-lived gases
such as methane, N,O, and CFCs are treated as surface boundary conditions. Biogenic
emissions of isoprene, monoterpene, and methyl butanol are calculated online based on the
MEGAN inventory (Guenther et al., 1995, Guenther et al., 1999; Guenther and Wiedenmeier,
2004).

This section focuses on the development of year-specific emissions for CO, NO,, and NHMCs
from fossil fuels, biofuels, and biomass burning. We developed these emissions based on
routines and inventory data sets provided by the Harvard University GEOS-Chem group. We
implement the routines offline to create emission fields and then read the emission field for a



given year into the model. We begin with a global inventory for fossil fuels and biofuels and
overwrite particular regions with regional inventory data where it is available. Since
anthropogenic inventories typically represent a single year, fossil fuel emissions are scaled from
the inventory base year to the simulation year using scaling factors from the Harvard University
GEOS-Chem group (van Donkelaar et al., 2008). The strength and distribution of biomass
burning emissions are constrained by satellite data. We use emission factors for boreal forest,
tropical forest, and savanna/herb/other vegetation types to convert GFED2 (Randerson et al.,
2007; Van der Werf et al., 2006) carbon emissions to emissions of NOx, CO, or VOCs. The
emissions of individual sources are described in the GEOS5 Wiki
(http://geos5.org/wiki/index.php?title=GEOS-5 GMI Configuration for PIESA) and below.

NOXx sources

¢ Aircraft NO,: Steven Baughcum provided aircraft emissions of NOx for 1995 on a 1x1 degree
grid with 1 km vertical resolution. We then vertically regridded the aircraft data to the GEOS5
72-level vertical grid.

* Climatological lightning NO,

* Global NO, emissions from fossil fuels are from the EDGAR inventory for 2000. The following
regional inventories then overwrite the global inventory:

o EPA/NEI 2005 over the United States, with seasonality from the VISTAS inventory

o CAC 2002 and 2005 over Canada: 2002 for years 2002 and earlier, 2005 for years 2005
and later, and interpolated between the 2002 and 2005 inventory for 2003 and 2004

o BRAVO over northern Mexico
o year-specific EMEP over Europe

o Streets et al. (2003) inventory for 2000 with seasonality from the 2004 inventory over
southeast Asia for years prior to 2006; Zhang et al. (2009) inventory for 2006 over
southeast Asia for 2006 and later

* Ship emissions of NO, are omitted, as described later in this section

* Global biofuel NO, emissions are from Yevich et al. (2003). These are overwritten with
EPA/NEI 1999 biofuels over the United States. For years 2006 and later, biofuel emissions are
zeroed over southeast Asia to avoid double counting because the 2006 inventory for southeast
Asia does not separate fossil fuels and biofuels.

* NOx is emitted as NO.

CO sources

* Global CO emissions from fossil fuels are from the EDGAR inventory for 2000. We impose a



seasonal cycle north of 36 degrees N (except over China, where the inventory is already
monthly) with emissions 10% higher during winter and 10% lower during summer, following
Duncan et al. (2007b).

* The following regional inventories overwrite the global inventory for fossil fuel CO:
o EPA/NEI 2005 over the United States, with seasonality from the EPA/NEI 1999 inventory

o CAC 2002 and 2005 over Canada: 2002 for years 2002 and earlier, 2005 for years 2005
and later, and interpolated between the 2002 and 2005 inventory for 2003 and 2004

o BRAVO over northern Mexico
o year-specific EMEP over Europe

o Years up through 2005: Streets et al. (2003) inventory for 2000 over southeast Asia,
overwritten with Streets et al. (2006) inventory for 2001 over China. For 2006 and later,
Zhang et al. (2009) inventory for 2006 over southeast Asia.

* Global biofuel CO emissions are from Yevich et al. (2003). These are overwritten with EPA/NEI
1999 biofuels over the United States. For years 2006 and later, biofuel emissions are zeroed
over southeast Asia to avoid double counting because the 2006 inventory for southeast Asia
does not separate fossil fuels and biofuels.

* To account for CO production from co-emitted non-methane hydrocarbons, we scale up fossil
fuel CO emissions by 2%, biofuel CO emissions by 8.6%, and biomass burning CO emissions by
5%.

VOC sources

* Global fossil fuel emissions of MEK, PRPE, C2H6, C3H8, and ALK4 come from GEOS-Chem's
inventory for 1985 (Wang et al. 1998), based on speciation information from EPA. Annual
scaling of VOC's uses the same scaling factors as CO.

* The following regional inventories overwrite the global VOC emissions:
o EPA/NEI 2005 over the United States for all species, with seasonality from EPA/NEI 1999
o EMEP over Europe for MEK, PRPE, C2H6, and ALK4
o For 2006 and later, Zhang et al. (2009) inventory for 2006 over southeast Asia

* Biofuel emissions of MEK, PRPE, C2H6, C3H8, ALK4, CH20, and ALD2 come from Yevich et al.
(2003). All species except CH20 are overwritten with EPA/NEI1999 biofuels over the US. For
years 2006 and later, biofuel emissions are zeroed over southeast Asia to avoid double counting
because the 2006 inventory for southeast Asia does not separate fossil fuels and biofuels.

Impact of changing emissions on trace gas distributions



We quantified the impact of the 2000-2005 change in emissions using the free-running GCM,
model version Fortuna 2.0. We ran two sets of simulation, one with emissions for 2000 and
one with emissions for 2005. For each emission year, we ran the model for 5 years. The first 2
years are spin-up, and we averaged the results of the last 3 years to give an ensemble average
representation for each emission year. Figure 1 shows the July surface concentrations of CO
and NO, for 2005, the difference in concentration between the 2000 and 2005 ensembles, and
the difference in emissions. The change in surface concentration closely follows the pattern of
emission changes. Interannual variability in biomass burning leads to greater concentrations of
both species in South America and Alaska in 2005 compared to 2000. Increasing anthropogenic
emissions drive increasing concentrations in East Asia, while emission reductions in the eastern
United States lead to decreased concentrations there, especially for NO,.

Figure 2 shows the July 2005 surface concentration of ozone, and the 2005-2000 concentration
difference. Because CO and NO, are important ozone precursors, the changes in ozone
concentration show a similar pattern to the changes in CO and NOx. However, the ozone
changes are more complex because of the non-linearity of ozone chemistry, and because
changes in trace gases such as ozone that are also greenhouse gases feedback on the
meteorology in the free GCM.

Ship emissions of NO,

Ships emit NO, and other pollutants in plumes within the relatively clean marine atmosphere.

NOx.
2005 surface concentration 2005 2000 surface conc. 2005 2000 emissions

Figure 1. Left: July surface concentrations of NOx and CO using 2005 emissions (ppbv). Center:
Difference in surface concentrations between the ensemble with 2005 emissions and the
ensemble with 2000 emissions (ppbv). Right: The difference in emissions between 2000 and
2005 (kg/m?/s).
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Figure 2. Left: July 2005 surface concentration of ozone. Right: Difference in July ozone surface
concentration between 2005 and 2000.

Ship-plume chemistry is not well represented within the model, and the large size of the model
grid boxes compared to the size of a ship plume leads to dilution of ship NO, and hence an
overestimate of the ozone production efficiency in regions with ship emissions. Previous
studies have described the tendency of large-scale models to overestimate ozone production
from ship emissions (e.g. Charlton-Perez et al. 2009). The simulations shown above, which
included ship NO, emissions, resulted in high ozone concentrations along ship tracks. High
ozone along ship tracks resulted in high OH along the ship tracks, which in turn led to high
chemical loss of CO. In comparison to the NOAA GMD observations (Novelli and Masarie, 2009),
the model CO was biased low. This bias remained even when the model resolution was
increased from 2x2.5 to 1x1.25 degree resolution. Consequently, we remove ship NO, from the
emissions used later this study.

. Impact of model resolution

The base simulations discussed in this report have a horizontal resolution of 2 degrees latitude
by 2.5 degrees longitude. We also conducted a simulation at 1 degree latitude by 1.25 degrees
longitude to examine the impact of increasing resolution. Here, we compare two GCM
simulations using emissions for 2005, one with 2x2.5 degree resolution and one with 1x1.25
degree resolution. The emissions are input at the resolution of the simulation. Given the
computational intensity of the 1x1.25 simulation, we compare a single year rather than an
ensemble of years.

Figure 3 shows a comparison of surface CO concentration for September with the GMD CO
observations (Novelli and Masarie, 2009) for the two model resolutions. The surface CO field
looks qualitatively similar for both resolutions, but there is a small improvement in the
statistical comparison to observations with the higher resolution. In particular, the excessive
transport of South American biomass burning CO westward over the Pacific is less severe in the
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Figure 3. September surface CO concentration for the model at 2x2.5 degree resolution (left)

and 1x1.25 degree resolution (right), with observations from the GMD network overplotted in
circles. The bottom panels plot model concentrations versus the GMD observations

higher resolution simulation. However, an ensemble of more than one year would be useful for
determining the robustness of this finding.

The INTEX-B campaign (Singh et al., 2009) took place in spring of 2006. Figures 4 and 5
compare the modeled vertical profiles of four constituents to observations from the DC8
aircraft during the Pacific phase of INTEX-B. The observations were obtained from the INTEX-B
website (http://www.espo.nasa.gov/intex-b/). We sample daily means from the 2x2.5 degree

resolution model (Figure 4) and the 1x1.25 degree resolution model (Figure 5) along the INTEX-
B flight tracks and bin both the model (red) and the observations (black) by altitude into 1 km
bins to obtain the mean and standard deviation for each altitude. We also bin the observations
by model grid box (gray) to remove sub-grid-scale variability. All flights are considered together
since the GCM will not capture the specific air masses sampled in each flight.

The model simulates ozone well below 7 km at both resolutions. At higher altitude, the
variability increases, but the mean of the 1x1.25 degree model agrees slightly better with the
observations. CO is underestimated throughout the column at both resolutions, likely due to
the inclusion of ship emissions, as discussed in section I[l. Methane and NO, are well-simulated
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Figure 4. Vertical profiles of ozone, CO, methane, and NOx from the Pacific phase of the INTEX-
B campaign compared to the 2x2.5 degree resolution model. The DC8 aircraft observations are
binned by altitude (black) and by altitude and model box (gray). Model values are sampled
along the flight tracks and binned by altitude (red).

at both resolutions. Overall, resolution does not appear to be the main source of error in the
2x2.5 degree simulation.

V. Time-dependent simulation with the free-running GCM

This section describes a time-dependent simulation from 2001-2004. The model version for
this experiment is Fortuna version 2_1, running as a free GCM at 2x2.5 degree resolution. The
simulation began in Dec. 2000, using restart files from the GCM ensemble run described in
section Il using emissions for the year 2000. This experiment included aerosols from the
GOCART model coupled to the GMI chemistry. Thus aerosol concentrations for the radiation
calculation and chemistry come from the GOCART model, and the GOCART model receives
oxidant fields calculated by the GMI chemistry.

Emissions for the simulation were year-specific and thus varied over the course of the run. The
trace gas emissions are described in section Il of this report. Ship emissions of NO, were
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Figure 5. Same as Figure 4, but with the 1x1.25 degree resolution model.
excluded to prevent excessive ozone production over the ocean.

We present a comparison of the time-dependent free-running GCM simulation to observations
below. Since the chemical and aerosol boundary conditions as well as the sea surface
temperature are year-specific, the simulation incorporates some drivers of inter-annual
variability. However, the free-running GCM does not produce the specific transport patterns or
daily variability of the given year since the meteorology is not constrained by observations.
Consequently, we focus on the model’s ability to represent the monthly mean values and large-
scale features of the observations.

Surface CO

The NOAA GMD network measures CO and other constituents at ground-based sites in remote
locations around the globe. We compare the model to the GMD CO flask measurements
(Novelli and Masarie, 2009) to constrain the latitudinal and seasonal variability of CO in the
lower troposphere.

Figure 6 compares the monthly means of the model to GMD observations for January and July
of 2004. The correlation is strong in January, with the model explaining 75% of the spatial



variability in the observations. The positive model bias is due primarily to several points in
North America, pointing to a possible overestimate in emissions in the mid-west United States.
The latitudinal gradient is reasonably well captured, although there is a slight high bias near the
South Pole.

In July, the model correlation drops to r? = 0.28, and the slope of the regression line is drops to
0.61. The positive bias in North America and the southern hemisphere is still present. In
addition, there is excessive outflow of biomass burning emissions over the equatorial oceans.
This may be due in part to the lack of year-specific meteorology.

Figure 7 compares the season cycle of the model simulation for 2003 to multiple years of GMD
data for 6 sites. The six sites were selected to illustrate model performance at different
latitudes. At the high latitude Svalbard site, the model captures the seasonal cycle well, with a
spring maximum and summer minimum. At many stations, including Svalbard, observed CO
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Figure 6. Left: Model surface CO overlayed with GMD observations for January (top) and July
(bottom) of 2004. Right: Scatter plot of model CO sampled at the GMD observation sites against
observed CO for January (top) and July (bottom). Points are color-coded by region. The
regression line (solid) and 1-1 line (dashed) are also shown.
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Figure 7. Seasonal cycle of surface CO in the model for 2003 (orange triangles) compared to
GMD data from 2000-2008 for 6 sites.

concentrations in 2003 (blue circles) were higher than the other years. The model CO for 2003
looks more like a typical year than like the 2003 observations.

In the northern midlatitudes, model performance varies greatly from site to site. Figure 7
shows two sites in California, Trinidad Head and Point Arena, that are located with a few
degrees of each other. The model captures most of the seasonal cycle well at Trinidad Head,
but shows a large positive bias throughout the year at Point Arena. This is likely due to the
model’s inability to resolve the urban-rural gradient between the San Francisco and Point
Arena.

In the tropical Pacific, the model lies within the observed variability throughout the year at 20
degrees N. At 15 degrees S, the model has a positive bias. This bias is also present at Tierra Del
Fuego in the southern extratropics.

Surface Ozone over the United States

This section compares the model’s surface ozone concentrations to observations from the U.S.
Environmental Protection Agency’s Clean Air Status and Trends Network (CASTNet). CASTNet
sites (USEPA, 2007) are located in rural areas of the United States. Given the large number of



CASTNet sites, we use only the sites identified by Reidmiller et al. (2009) as regionally
representative for comparison with the model.

Scatter plots of model vs. CASTNet monthly mean ozone for four seasons of 2003 are shown in
figure 8. Only the regionally representative sites are shown. The model performs best in
winter, explaining 59% of the variability. In summer and autumn, the model is biased high
compared to observations at many of the sites. This is consistent with the overestimate of CO
over the U.S. The comparison would likely be improved by constraining the model’s

meteorology to the given year.
Tropospheric NO, column

Figure 9 shows a comparison of the model’s tropospheric NO, column in September 2004 with
the OMI DPGC NO2 product (Lamsal et al., 2010) for September 2005. Both the model and OMI
show enhanced NO, over source regions in the Europe, East Asia, and the eastern United
States. The enhancement in the eastern U.S. extends further south in OMI compared to the
model, and OMI shows larger enhancements in South America and southern Africa. These
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Figure 8. Model ozone versus CASTNET observations for 2003, in ppbv. Comparisons are for
winter (DJF), spring (MAM), summer (JJA), and autumn (SON). The regression line (solid) and
one-one line (dashed) are also shown.
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Figure 9. Tropospheric NO, column from OMI (left) and the model (right) for September. White
values indicate missing data.

differences exceed the uncertainty in the OMI DPGC product and could indicate an
underestimate in NO, emissions in these regions.

CO comparison to MOPITT

We compare the monthly mean model CO with the MOPITT version 4 level 3 satellite product,
obtained from http://I0dup05.larc.nasa.gov/opendap/MOPITT/, for the 500 mb level. We apply
the MOPITT averaging kernels and a priori to the model CO column to give a consistent
comparison with the satellite product (Deeter, 2009). In April 2002, the model underestimates
the MOPITT CO in the Northern Hemisphere (Figure 10). This is consistent with the results of
Shindell et al. (2006), who showed that a multi-model mean underestimates MOPITT CO in the
northern hemisphere. The model overestimates CO in the southern hemisphere and in the
equatorial biomass burning regions. This is consistent with the comparison to surface
observations (Figs. 3, 6, and 7). Excessive outflow from biomass burning is also visible in
September (Figure 11). Inadequate representation of the Andes at 2x2.5 degree resolution may
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Figure 10. April CO concentrations at the 550 mb level for MOPITT (left) and the model (right).
White indicates missing data.
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Figure 11. September CO concentrations at the 550 mb level for MOPITT (left) and the model
(right). White indicates missing data.

contribute to the excessive model outflow from South America into the equatorial Pacific.

In September, the model underestimate of MOPITT CO in the high northern latitudes is less
severe, but the model fails to capture the low CO in the equatorial Pacific (Figure 11).
Qualitatively, the model reproduces the observed peaks in CO above the South American,
African, and Indonesian biomass burning regions, as well as the eastward transport of the South
American and African biomass burning CO. However, the model spreads these features over a
larger area.

V. Replay to MERRA analysis

Constraining the model with the analyzed meteorological fields from MERRA has the potential
to improve the distributions and variability of trace gases. The comparison between model and
observations should improve since model tracers could be sampled in the same air mass as the
observations. We are in the process of conducting a simulation with the configuration
described in section IV, but replaying to the MERRA analysis rather than running as a GCM. This
is an intermittent replay, in which the model wind and temperature fields are overwritten with
the analysis every 6 hours.

Several issues were encountered during the initial replay attempt. The ozone maximum in the
stratosphere initially increased relative to both the free-running GCM and a previous simulation
that used the MERRA model replayed to the MERRA analysis, while ozone in the lower
stratosphere decreased. Later in the simulation, concentrations of ozone and other tracers
decreased rapidly to unrealistic values throughout the atmosphere.

We are currently testing a modified version of the model in a new replay run. This version
changes the treatment of tracer mass following the introduction of the analyzed fields.
Preliminary results suggest that this version is more consistent with the free-running GCM.



Figure 12 shows the vertical profile of ozone in the stratosphere for December 2001 in the free-
running GCM, the initial replay, and the new replay. The ozone maximum in the new replay is
similar to that of the GCM. In both the new replay and the GCM, ozone concentration increases
gradually with height starting at level 39, whereas concentrations in the initial replay did not
increase until level 33. Additional testing is under way to determine whether the new replay
will maintain realistic tracer concentrations through more years of simulation.

VL. Summary

We have achieved several important steps toward consistent MERRA — trace gas distributions.
The updated emissions make it possible to conduct multi-year GEOS5 simulations with
emissions varying over time, allowing the model to simulate an important driver of inter-annual
variability. Comparing ensembles of GCM simulations based on 2005 versus 2000 emissions
indicates that the year specific emissions impact the distribution of tropospheric ozone and its
precursors, with opposite effects over the United States and East Asia.

Increasing model resolution from 2x2.5 degrees to 1x1.25 degrees appears to have only a small
impact on monthly mean tropospheric trace gas distributions in the GCM. However, the impact
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Figure 12. Comparison of the ozone profiles in the free-running GCM (red), initial replay
simulation (green), and the new replay simulation (blue) as a function of model level.



might be larger if the model was replayed to the observed meteorology and compared to
observations at higher time resolution.

We validated the free-running GCM simulation against surface, aircraft, and satellite
observations with a focus on CO, NO,, and ozone. This simulation, which uses the Fortuna
model and updated emissions, leads to reasonable distributions of these trace gases. The
ozone vertical profile compares well against aircraft observations over the Pacific from INTEX-B,
and the model reproduces the seasonal cycle of CO at many of the NOAA GMD sites. Several
opportunities for future improvements are also evident, such as the overestimate of CO over
the United States and downwind of the South American biomass burning region.
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